Introduction
In Europe, the prevalence of obesity [body mass index (BMI) 30 kg/m 2 ] in men ranges from 4.0 to 28.3% and in women from 6.2 to 36.5% with prevalence rates in Central, Eastern, and Southern Europe being higher than those in Western and Northern Europe. 1 Obesity is considered an independent cardiovascular risk factor that is associated with poor clinical outcomes. 2 In the general population, a higher BMI is associated with an increased risk of coronary artery disease (CAD), 3 cardiovascular events, 3 and new-onset heart failure (HF). 4 This risk appears to be mediated through obesity-related co-morbidities such as diabetes mellitus, hypertension, and dyslipidaemia. 2 Based largely on these observations, virtually all national and international guidelines recommend weight loss for overweight and obese patients for the primary prevention of cardiovascular disease. 5, 6 This has resulted in weight loss counselling being extended to obese patients with CAD 7 and HF, 8 despite a lack of supporting evidence of benefit in these patient populations. Although obesity is clearly a risk factor for developing CAD and HF, once CAD and HF are established, an inverse correlation of obesity with all-cause mortality, 9 cardiovascular mortality, 10 and need for repeat revascularization 11 has been reported. There are, however, several limitations to previous studies. First, the relationship between obesity and mortality in patients with CAD and HF has been examined using analyses of retrospectively collected cohort data or post hoc analyses of randomized controlled trials originally designed to evaluate a specific drug or device, 11 -17 many of which have been limited by short follow-up times. Secondly, most previous studies were not powered to examine survival in severe or morbid obesity, i.e. BMI 40 kg/m 2 . Thirdly, prior studies have not adjusted for potential treatment-and time-specific differences in the risk of mortality between males and females with CAD, which could lead to biased measurements of the effect of BMI on survival. Therefore, we sought to examine the association between BMI and survival in a broad population-based cohort of patients with CAD referred for catheterization and treated with medical management alone or revascularization.
Methods
We conducted a cohort study that included all adult patients undergoing coronary angiography in Alberta, Canada, between 1 January 2001 and 31 March 2006 using data from the Alberta Provincial Project for Outcome Assessment in Coronary Heart Disease (APPROACH) registry. The APPROACH registry is a population-based database that prospectively captures all cardiac catheterizations performed in the province of Alberta, Canada (population 3.3 million), since 1995. Details of the database and methods of data collection have been described previously. 18 Briefly, the APPROACH database contains detailed clinical information, including the results from catheterization, and is merged quarterly with mortality data from the Vital Statistics Registry. The last merge date for these data was 31 October 2007. Data collected at catheterization included socio-demographic characteristics (sex, age, address, and postal code), clinical co-morbidities (renal insufficiency, hypertension, hyperlipidaemia, diabetes mellitus, peripheral vascular disease, cerebrovascular disease, smoking status, pulmonary disease, liver/gastrointestinal disease, and malignancy), disease severity variables (congestive heart failure, prior myocardial infarction, prior thrombolytic therapy, Canadian Cardiovascular Society angina class, and results of non-invasive tests), and coronary angiography results (coronary anatomy, extent of coronary stenosis, and left ventricular ejection fraction). These data are collected in the catheterization laboratory from the patient's charts and inputted into the APPROACH registry. Individuals in the APPROACH registry are followed longitudinally after catheterization, thus allowing for assessment of subsequent procedures [i.e. percutaneous coronary intervention (PCI) or coronary artery bypass grafting (CABG)], as well as the outcomes of mortality and quality of life in patients who consent to follow-up. Body mass index is recorded at the time of the index catheterization by nursing staff. Height and weight are measured with a standard mechanical beam physician scale with the patient wearing a hospital gown. Unstable patients who arrive from the emergency department prior to catheterization have their weight and height established through self-report. We have previously developed and validated on a method for dealing with missing data in a prospective cardiac registry database. 19 The method involves linking the prospectively derived cardiac registry data on a patient-by-patient basis to corresponding administrative data, followed by a process of mapping the specific clinical diagnoses present in both the registry data and the administrative data to create a single 'final' record of baseline risk factors present in a given patient. Patients with missing BMI values or BMI levels .70 or ,11 kg/m 2 were excluded as these values were deemed unlikely to be valid measurements. Long-term survival was assessed through linkage to records from the Alberta Bureau of Vital Statistics. 18 
Data analyses Primary analysis
The primary outcome was all-cause mortality. nominal variables and the Jonckheere-Terpstra test for trend for age and APPROACH Jeopardy score to account for the ordinal nature of the BMI categories. Unadjusted survival was examined using a Kaplan -Meier survival curve and the log-rank test. To evaluate the association between BMI and mortality, multivariable-adjusted hazard ratios (HRs) were calculated using the Cox proportional hazards regression models for each treatment strategy. All potential risk factors with a prevalence .1%, including the APPROACH Jeopardy score (representing percentage of myocardium at risk), 22 were retained in each model regardless of statistical significance because our objective was to determine the adjusted HR for mortality in each BMI category while controlling for all measured clinical and co-morbid factors. The BMI category defined as 'normal' was considered the reference category and statistical significance was set at P , 0.05. All tests were two-sided. Interactions between BMI category and age, and BMI category and sex, were also tested using the likelihood ratio test. Since it has been suggested that sex-based differences in death rates after cardiac catheterization exist, 23 the models were stratified by sex. We conducted an additional analysis to examine the dose -response relationship between BMI and all-cause mortality by modelling BMI as a continuous variable using fractional polynomial Cox regression, 24 adjusted for treatment strategy.
Secondary analysis
As a secondary analysis, we examined the relationship between BMI and mortality in the patients who received a cardiac catheterization but were not diagnosed with CAD (,50% blockage in one vessel or normal coronaries). Baseline characteristics were compared across BMI categories in the same manner as above, as was unadjusted and adjusted survival.
Subgroup analyses
Pre-specified secondary analyses were undertaken in subgroups of patients who had HF as the indication for the cardiac catheterization and who had myocardial infarction (MI) as the indication for catheterization. Using the Cox regression, we adjusted for treatment strategy in addition to other baseline risk factors and co-morbidities. All analyses were performed using STATA version 9.
Results
A total of 46 663 patients underwent catheterization; 10 974 (23.5%) had normal coronaries, 460 (0.01%) were excluded for having undetermined or missing coronary anatomy, 4009 (8.6%) were excluded for having missing BMI values, and 199 (0.004%) were excluded due to implausible BMI levels (.70 or ,11 kg/m 2
). An analysis of the excluded patients indicated that this group had more co-morbidities, higher emergent priority, and a significantly higher mortality at 30 days and 1 year (4.1 vs. 1.5% and 8.1 vs. 3.8%, respectively) compared with the remaining cohort, suggesting that these patients were sicker. Data were missing for priority for cardiac catheterization (1.3%) and ejection fraction (4.2%). Median length of follow-up for the study cohort was 46 months (inter-quartile range, 31-64 months).
There were 31 021 patients diagnosed with CAD. Patient characteristics by BMI category at the time of their cardiac catheterization are shown in Table 1 . Of note, obese patients, particularly severely obese, were more likely to be younger, have hypercholesterolaemia, hypertension, pulmonary disease, and/or diabetes mellitus, but were less likely to smoke and less likely to have high-risk coronary anatomy (left main disease) and high percentage of myocardium at risk (APPROACH Jeopardy score). Medication data were available for a subset of 3583 patients. In all treatment groups, the numbers of patients receiving statins, ACE-inhibitors, nitrates, and beta-blockers were not significantly different across BMI categories (data not shown).
Survival
Crude survival by BMI category is presented in Figure 1 . The log-rank test was significant for differences across BMI categories (P , 0.0001). Underweight patients were at the highest risk of death followed by patients with normal BMI.
All variables presented in Table 1 of the patient characteristics were included in the regression models. Adjusted HRs for each BMI category within the pre-specified treatment strata are presented in Figures 2-4 . There were no interactions between BMI category and age, and BMI category and sex. All covariates in the models met the proportionality assumption. In the medical management only, PCI, and CABG treatment groups, underweight patients were at higher adjusted risk of death compared with those with normal BMI; however, these associations were not significant. In the medically managed only group, overweight and mild obesity were associated with significantly lower mortality compared with normal BMI patients (adjusted HR 0.72; 95% CI 0.63 -0.83 and 0.82; 95% CI 0.69-0.98, respectively). In the CABG group, those patients with mild obesity also had the lowest adjusted risk of death (adjusted HR 0.75; 95% CI 0.61-0.94). In the PCI group, moderate obesity was significantly associated with a reduced mortality risk (adjusted HR 0.65; 95% CI 0.47-0.90). There were no significant associations between severe obesity and mortality in any treatment group.
Body mass index as a continuous variable Examining BMI as a continuous variable ( Figure 5 ) using polynomial Cox regression demonstrated aj-shaped association between BMI and adjusted all-cause mortality, where the mortality decreased with increasing BMI until 33 kg/m 2 , and then began to increase again at a BMI of 40 kg/m 2 .
Secondary analysis
Patient characteristics of those with no CAD are presented in Table 2 . Similar to the group with CAD, severely obese patients were younger and had more co-morbidities, but less likely to smoke compared with patients with normal BMI. Unadjusted survival is presented in Figure 6 . The log-rank test was significant for differences across BMI categories (P , 0.0001). Underweight patients were at the highest risk of death followed by patients with normal BMI and severe obesity. Adjusted HRs are presented in Figure 7 . Patients with mild, moderate, and even severe obesity had significantly reduced mortality compared with those with normal BMI (adjusted HR 0.74; 95% CI 0.58-0.94, adjusted HR 0.68; 95% CI 0.49-0.96, and adjusted HR 0.58; 95% CI 0.38-0.90, respectively).
Subgroup analyses
In the HF subgroup, patients with moderate obesity had the lowest mortality hazard compared with those with normal BMI (adjusted HR 0.48; 95% CI 0.22-1.03). Compared with patients with a normal BMI, underweight HF patients had a significantly higher risk of mortality (adjusted HR 2.99; 95% CI 1.25-7.81). In the MI subgroup, overweight, mild obesity, and moderate obesity were all associated with a significantly reduced risk of mortality (adjusted HR 0.82; 95% CI 0.72-0.93, adjusted HR 0.82; 95% CI 0.70 -0.97, and adjusted HR 0.72; 95% CI 0.54-0.94, respectively) compared with patients with normal BMI. Severe obesity was not associated with mortality in either of these subgroups.
Post hoc analysis
Given that patients with obesity had lower risk coronary anatomy compared with those with normal BMI, we sought to determine whether obese patients were less likely to receive revascularization procedures. Logistic regression was used to determine the odds ratios for receiving PCI or CABG for each of the BMI categories, with the normal BMI group as the reference category. The same covariates used in the previous Cox models (except for type of treatment) were used in the logistic regression models. Patients who were underweight were less likely to be revascularized, whereas patients who were overweight, had either mild or moderate, but not severe, obesity were significantly more likely to be treated with CABG or PCI compared with CAD patients with a normal BMI ( Table 3) . 
Discussion
In this large population-based study of all consecutive patients with a confirmed diagnosis of CAD seen in a defined geographic locale over 5 years and followed for a median of 46 months, we found that mildly and/or moderately obese patients with established CAD had reduced mortality compared with normal BMI patients, whether treated with medical management only, PCI, or CABG. Although our findings may appear counterintuitive given the epidemiological link between obesity and cardiovascular disease in the general population, 2 they are very much in line with previous reports of an inverse relationship between excess weight and all-cause and cardiovascular mortalities in individuals with established coronary disease. This observation has been referred to as the 'obesity paradox' or 'reverse epidemiology'. 25 Our large Canadian-based study adds to the increasing knowledge and awareness in this evolving field of survival paradoxes in chronic disease states. It has been previously suggested that the obesity paradox post-CABG or post-PCI may reflect the possibility that only the low-risk obese patients are being selected for revascularization; 26 however, our data suggest that mild to moderately obese patients who are not revascularized within 1 year of catheterization and instead are treated with medical management alone and those without a diagnosis of CAD also demonstrate lower mortality rates. The reduction in mortality rates was also consistent among the HF and MI subgroups and persisted after adjustment for known prognostic factors. The lowest adjusted mortality was noted in patients with BMI between 30.0 and 39.9 kg/m 2 , whereas a progressive increase in mortality was evident below this range, and a plateau or slight increase was observed above this range in patients with CAD. These findings are similar to recent meta-analyses conducted in patients post-PCI, 9 post-CABG, 9 post-MI, 27 and in patients with HF. 10 Our finding of the obesity paradox in patients who have received a cardiac catheterization but without coronary disease is unexpected. It is possible that patients who received a cardiac catheterization but did not show diseased coronaries had other cardiac risk factors that would classify them as having 'pre-clinical' disease, and that having a higher BMI offers protection against mortality even in this population. However, another possibility is that this is indicative of a referral and treatment bias in CAD. Being obese is a visible risk factor that may predispose physicians to refer them for a cardiac catheterization earlier than those of normal BMI. We also showed that patients with mild or moderate (but not severe) obesity are more likely to be revascularized with either CABG or PCI in patients with CAD, despite having lower risk coronary anatomy. This is similar to Yancy et al. 28 who also
showed that individuals with a BMI of 25.0 -35.0 had the highest rates of coronary procedure utilization, whereas patients with a BMI of 40 kg/m 2 had the lowest odds of receiving cardiac catheterization PCI or CABG.
There have been several proposed explanations for the obesity paradox. Similar to previous studies, 29 our data show that compared with normal weight patients, obese patients are younger and have less severe disease at the time of cardiac catheterization. It has been suggested that obese patients who present earlier have more recognizable and aggressively treated co-morbidities. In addition, as patients who are obese tend to have higher systolic blood pressure, this may permit more aggressive upward titration of disease-modifying medications such as ACE-inhibitors and betablockers. However, data regarding the association between guideline-recommended treatment and obesity are conflicting 30, 31 and our data did not suggest that patients with obesity are being more aggressively treated with statins, ACE-inhibitors, betablockers, and nitrates, nor that BMI is associated with more invasive treatment strategy. The discrepancies in reported associations between obesity and medical and invasive treatment likely reflect differences in centre-specific practice patterns. Other potential explanations include obesity as protective against protein-energy malnutrition post-revascularization 32 and altered neuroendocrine profiles (N-terminal BNP) of obese patients that may play a role in modulating heart disease progression. 33 Our study has a number of strengths. We report on a large, well-categorized, consecutively enrolled, population-based cohort of patients. We were able to assess the effect of BMI on mortality in those with and without CAD according to treatment strategy in all patients undergoing cardiac catheterization from multiple centres. The large number of patients provided adequate power to evaluate survival in those with severe obesity, and our results from the stratified analyses are unbiased estimates of the effect of BMI on mortality in both males and females. Our study provides long-term follow-up data (median 46 months, maximum 84 months). In addition, the data are linked to up-to-date records from the Alberta Bureau of Vital Statistics and thus we had no right censoring in our survival analyses.
A limitation of our study is that the observational nature provides associative, not causal, evidence and therefore the possibility of selection bias and residual confounding cannot entirely be ruled out. However, the observational nature of this study also provides real-world data on the largest cohort studied to date. Secondly, although BMI is the most commonly used epidemiological measure of obesity, it is imperfect and does not directly distinguish between adipose and lean tissue or central and peripheral adiposity. Thirdly, we were unable to control for the role of nonpurposeful weight loss prior to study entry. Our risk-adjusted analysis, however, did include age, current smoking status, and history of malignancy, which are factors that could lead to nonpurposeful weight loss. Fourthly, since this was a record linkage study, we did not have data on cause-specific mortality. Finally, 8.6% of the patients were excluded for missing or implausible BMI values. This excluded group indeed could have differing results than those included in the analysis; however, given the size of the cohort analysed, it is unlikely that the results would have changed substantially. In conclusion, we found that a paradoxical association exists between higher BMI and survival in patients with established CAD irrespective of medical, interventional, or surgical treatment strategy. This paradoxical observation is also seen in patients who were referred for cardiac catheterization but who have normal coronary arteries. Despite having lower risk coronary anatomy in obese patients with CAD, patients who are overweight, have either mild or moderate (but not severe) obesity, are more likely to receive revascularization procedures compared with those with normal BMI. Further studies are needed to explore the possibility of a treatment/referral bias as an explanation for the obesity paradox in the CAD population. Figure 7 Adjusted hazard ratios of mortality for patients with normal coronaries by body mass index category.
